This paper explores the discrimination of organic vapors with arrays of chemiresistors (CRs) employing interface layers of tin-oxide nanowires (NWs) and thiolate-monolayer-protected gold nanoparticles (MPNs). The former devices use contact-printed mats of NWs on micro-hotplate membranes to bridge a pair of metal electrodes. Oxidation at the NW surface causes changes in charge transport, the temperature dependence of which differs among different vapors, permitting vapor discrimination. The latter devices use solvent cast films of MPNs on interdigital electrodes operated at room temperature. Sorption into the organic monolayers causes changes in film tunneling resistance that differ among different vapors and MPN structures, permitting vapor discrimination. Here, we compare the performance and assess the 'complementarity' of these two types of sensors. Calibrated responses from an NW CR operated at two different temperatures and from a set of four different MPN CRs were generated for three test vapors: n-hexane, toluene, and nitromethane. This pooled data set was then analyzed using principal components regression classification models with varying degrees of random error superimposed on the responses via Monte Carlo simulation in order to estimate the rates of recognition/discrimination for arrays comprising different combinations of sensors. Results indicate that the diversity of most of the dual MPN-CR arrays exceeds that of the dual NW-CR array. Additionally, in assessing all possible arrays of 4-6 CR sensors, the recognition rates of the hybrid arrays (i.e. MPN + NW) were no better than that of the 4-sensor array containing only MPN CRs.
Introduction
Heated films of tin-oxide have been used in chemiresistors (CRs) for gases and vapors for over 30 years; resistance 6 Author to whom any correspondence should be addressed. changes accompanying analyte oxidation at the surface of the tin-oxide permit highly sensitive detection of a wide range of analytes [1] . Nanowires (NWs) of tin-oxide have been reported to offer potentially improved sensitivity to gases and vapors by virtue of their high ratio of surface area to volume and improved degree of crystalline order [2] [3] [4] [5] . Deposition of NWs onto micromachined hotplate platforms can yield low-power temperature-modulated NW-CR sensors with responses to different analytes that exhibit different temperature dependences [3, 6] . Although recent studies suggest that it should be possible to discriminate among a set of organic vapors by means of an array of as few as two such devices operated at different (elevated) temperatures [3, 4, [6] [7] [8] , this topic has not been addressed in published reports.
Thiolate-monolayer-protected Au nanoparticles (MPNs) have been studied as interface materials for CR vapor sensors over the past 12 years [9] [10] [11] [12] [13] [14] [15] . Vapor sorption into the organothiolate monolayers surrounding the Au cores in a thin MPN film increases the average intercore distance, which reduces the rate of electron tunneling and generally increases the film resistance. If the dielectric constant of the vapor is significantly greater than that of the intercore matrix, this factor will mitigate swelling-induced resistance changes [16, 17] . An array of CRs with different MPN interface layers will exhibit partially selective responses whose pattern can be used to discriminate among individual vapors and the components of simple mixtures. Several reports have shown this capability using arrays of 2-4 sensors [11, 16, 18, 19] .
Since the mechanisms by which resistance changes arise in these two classes of sensors are completely different, it might be expected that an array of NW CRs would provide relative responses to a set of analyte vapors that would complement those provided by an array of MPN CRs. Thus, greater diversity and selectivity might be realized from a hybrid [NW + MPN] − CR array. The notion of combining sensors operating on the basis of different transduction or interaction mechanisms is not new [20] [21] [22] [23] [24] , and recent studies of multitransducer arrays of capacitive, calorimetric, and gravimetric sensors employing polymer interface layers suggest that some improvement in the diversity of responses to a set of vapors and their mixtures can be realized, relative to single-transducer arrays containing the same number of sensors [25, 26] . As yet, however, no study has explored whether combining NW CRs with MPN CRs in hybrid arrays might yield improvements in vapor discrimination over that obtained with CR arrays employing one or the other type of interface material. The primary goal of the preliminary investigation described here was to test this hypothesis.
Toward that end, data were collected from a set of CRs coated with four different MPNs operated at ambient temperature and also from an NW CR operated at two different (elevated) temperatures upon exposure to each of three individual vapors. The calibrated responses were then pooled and the various actual and virtual arrays of 2-6 sensors were evaluated with regard to vapor discrimination. Monte Carlo simulations were used to iteratively generate synthetic responses by superimposing different levels of random error on the calibrated sensor responses, and then principal components regression analysis was used to estimate the rates of recognition (RR) achievable among the different possible arrays. Assessments were made of the diversity of responses exhibited using each type of interface material (i.e. NWs and MPNs) as well as the degree to which they complement each other in effecting vapor discrimination. For this study, tests were confined to differentiation among three individual vapors (i.e. no analyses of mixtures were performed).
Materials and methods
The NW CR is a multi-layer structure in which a silicon oxynitride membrane supports a resistive heater electrically insulated from the top NW layer by another oxynitride layer ( figure 1(a) ). First, the Ti-Pt resistive heater and temperature sensor were defined by a standard liftoff process on a 1 μm silicon oxynitride insulating layer pre-deposited on a Si substrate. A second 1 μm layer of silicon oxynitride was then deposited over the Ti-Pt structures, with contact pads subsequently exposed by an HF etch. Next, NWs, fabricated as described previously [27] , were transferred to the device surface as a mat of randomly oriented nanowires via contact printing [28] . Five pairs of Au contacts, 50 μm wide and separated by 2-4 μm, were lithographically defined and deposited on top of the NWs by a second liftoff process ( figure 1(b) ). Finally, the backside of the Si substrate was subjected to deep reactive ion etching to yield a 2 μm thick suspended membrane structure. Figure 1(c) shows the central region of a completed chip, with the five electrode pairs aligned horizontally over the membrane region.
Electrical connections were made by wire bonds and each device was mounted on a 20-pin ceramic header. Although devices could be heated to >360
• C, initial testing resulted in several device failures from stress-induced cracking of the membrane substrate upon cooling. The likely cause of this problem is the mismatch in thermal expansion of the heater metals and the underlying/overlying substrate layers arising from the fact that the metals were deposited at room temperature and not annealed. Subsequent tests were constrained to temperatures 360
• C. It required 275 mW to heat the devices to 300
• C. Resistance was measured with a multimeter (34401A, Agilent Technologies, Palo Alto, CA) and, by convention, converted to conductance. Sensor responses are reported as the fractional change in conductance relative to the baseline value (i.e. G/G or G r ). Only one device per chip was used for testing.
An array of eight MPN CRs was created as described previously [29] . Cr-Au interdigital electrodes with 5 μm-wide fingers and spaces were deposited on a thick SiO 2 layer grown on a Si substrate. Pins were soldered to the bonding pads and plugged into sockets on a custom PC board that connected the devices to a voltage divider circuit. Interface layers were made by solvent casting films of MPNs having thiolate monolayers derived from n-octanethiol (C8), 4-(phenylethynyl)-benzenethiol (DPA), 6-phenoxyhexane-1-thiol (OPH), and methyl-6-mercaptohexanoate (HME) [30] . Two films of each type of MPN were deposited. The resistance was determined indirectly by measuring the voltage drop using a computer controlled DAQ card and a constant DC voltage source. By convention, sensor responses are reported as the fractional change in resistance (i.e. R/R or R r ).
A single mounted NW CR was sealed in a 0.5 l glass chamber equipped with ports for electrical feedthroughs and gas flow.
The MPN-CR array was sealed in a 0.5 l stainless steel chamber immediately upstream from the NW-CR chamber. The flow rate of the test-atmosphere through the chambers was 14 l min −1 . Nitromethane, n-hexane, and toluene were the analytes tested. Test atmospheres were generated by passing scrubbed air through fritted bubblers containing the (single) liquid analyte, followed by dilution with a metered scrubbed air stream. The flows were varied to span a range of concentrations, which differed for each analyte, but was within the range of 200-7000 ppm (by volume). Vapor concentrations were confirmed by a calibrated flame ionization detector. Typical tests entailed exposure for 5-7 min followed by purging with clean air for a similar amount of time. Responses to n-hexane and toluene were collected simultaneously from the MPN-CR array and the NW CR over a three-four-fold concentration range. Responses to nitromethane were collected in separate, sequential exposures to each type of sensor at two discrete concentrations for the NW CRs and over a six-fold range for the MPN-CR array. The net change between the (average) pre-exposure baseline sensor signal under scrubbed air and the steady-state signal observed during vapor exposure was recorded.
The performance of the various actual and virtual arrays was assessed using Monte Carlo simulations coupled with extended disjoint principal components regression (EDPCR) classification models. Using the experimental sensitivity values, synthetic MPN-CR responses to each vapor were generated by randomly selecting a vapor concentration within the range of 3-30 × LOD, where the LOD was dictated by the least sensitive sensor in the array to ensure that all sensors contributed to the response patterns. The response was calculated from the calibration-curve regression equation. Then, error was introduced by adding a value obtained by multiplying that response value by a factor derived from randomly sampling a Gaussian distribution with a mean of zero and a standard deviation of 0.05, 0.10, or 0.15, corresponding to random sensitivity errors (ε) of 5-15% of the response. The error enhanced responses from all sensors were combined and the location of the resulting response vector was projected onto the principal component corresponding to the original calibrations for each vapor via EDPCR. The identity of the vapor assigned to this synthetic response vector was determined by the shortest Euclidean distance. This procedure was performed iteratively (i.e. 1000 samples) to yield a statistical estimate of recognition rate (RR) for each array at each level of ε. Details of this methodology as applied to sensor-array evaluations can be found elsewhere [25, 26, 31, 32] .
For the (virtual) dual NW-CR array, the ratio of normalized responses at the two different temperatures was treated as a single response variable. However, error was superimposed on each response separately, as above, to produce the error-enhanced ratio. Since the NW-CR response ratio is independent of concentration (see below), it was not necessary to vary the concentration when generating the population of error enhanced responses. Assigning a vapor identity to the synthetic NW-CR array responses was based merely on how close the value of the synthetic ratio was to each of the true (i.e. calibrated) ratios.
For assigning vapor identities to synthetic responses generated from a hybrid array, the sum of the normalized distances between the error-enhanced synthetic response vector and each of the corresponding calibrated response vectors for the sensors under consideration (i.e. the response ratio for the NW-CR array and the principal component for the MPN-CR array) was calculated. As above, the synthetic response was assigned to the vapor for which this sum was the smallest.
Results and discussion
The baseline conductance varied significantly among the tested NW-CR devices, ranging from 0.005 to 1 μS at 215
• C. This variation undoubtedly arises from deviceto-device variations in the number of NWs involved in charge conduction between the CR electrodes. The observed temperature dependence of baseline conductance is similar to that in previous reports [33] , with conductance increasing sharply with increasing temperature (data not shown).
Initial testing characterized the temperature dependence of the NW-CR vapor sensitivity to nitromethane. Two NW CRs were exposed to nitromethane vapors at discrete operating temperatures ranging from 170 to 360
• C. The exposure concentration was 240 ppm for the first device and was inadvertently increased to 360 ppm for the other. NW-CR responses achieved steady state within ∼20 s of the initial response at all temperatures. Recoveries required up to 5 min to reach the pre-exposure baseline, which is consistent with other reports [3, 5] . The sensitivity exhibits a nonlinear temperature dependence and passes through a maximum at ∼280
• C for both devices ( figure 2(a) ). Although the raw sensitivities differ significantly between the two devices, by normalizing the response at any temperature to that at the temperature of maximum sensitivity (i.e. 280
• C for device A and 285
• C for device B), the temperature dependent sensitivities of the two devices are nearly superimposable, as shown in figure 2(b) . This is not surprising, because the deposition process creates a stochastic distribution of nanowires (size and number) carrying current in each bridge. By the same token, the ratio of responses of a given device at two different temperatures is a useful metric for comparing vapor responses across devices, because it corrects for inherent differences in the mobilities and number of charge carriers in each device. Therefore, all subsequent NW-CR vapor exposures were performed at the temperatures at which the lowest and highest responses to nitromethane were observed, i.e. 215 and 280
• C.
Figures 3(a) and (b)
show the NW-CR responses to n-hexane and toluene, respectively, over a range of concentrations at 215 and 280
• C. Although the response is greater at the higher temperature for any given concentration, the ratio of responses at the two different operating temperatures for a given vapor is nearly constant over the entire range of concentrations. Notably, however, the ratio differs between the two vapors: for toluene, the ratio of G r values is 0.85 ± 0.05 and that for n-hexane is 0.72 ± 0.04. For nitromethane, a G r ratio of 0.31 was obtained at 240 ppm from the data presented in figure 2(a) for the same two temperatures. Thus, it is possible to differentiate the vapors on the basis of the response ratio over the concentration range tested.
Note that while the signal-to-noise ratios (G r ) are quite high, the slope sensitivities are relatively low over the concentration ranges measured for both of these vapors at both temperatures, and the concentration resolution at any given temperature(s) is relatively low. It is apparent from the plots that these curves will become nonlinear at lower concentrations, with corresponding increases in slope sensitivity (i.e. resolution). But the ratios of responses at the different temperatures also may change. Thus, there could be a limit to the concentration range over which discrimination on the basis of temperature-dependent response ratios is possible (this range was not determined in this study).
Responses from the array of MPN CRs to the same three vapors were rapid and reversible, and varied linearly with concentration (linear regression r 2 values with forced zero yintercepts are all >0.97), consistent with previous reports [16] . Response and recovery times were 20 s in all cases. The sensitivities derived from the responses of the two CRs coated with a given MPN differed by <10% and were averaged for subsequent analyses. For n-hexane and toluene, MPN-CR and NW-CR measurements were collected simultaneously. Sensors were exposed twice at each concentration to gather temperature-dependent NW-CR data. Since the duplicate MPN-CR sensor responses differed by <7%, the average values were used. Figure 4 presents a series of bar charts that summarize the relevant response data. For the NW-CR array, the Table 1 . Average recognition rates (RR) with arrays of MPN CRs and NW CRs of different size (number) and composition for the discrimination of nitromethane, n-hexane, and toluene as determined by Monte Carlo/EDPCR analysis (n = 1000 iterations) with different levels of superimposed random response error (ε). bars represent the relative sensitivities (G r ) at each test temperature for each vapor, normalized to the high-temperature G r value. For the MPN-CR array the bars represent the relative sensitivities (R r /ppm) normalized to the sensor with the highest sensitivity for each vapor.
In order to compare the performance of different arrays properly, the number of sensors in each array must be the same. Since we are using the ratio of two NW CRs, in order to compare the vapor discrimination capabilities of this NW-CR array to those of the MPN CRs, it is necessary to restrict the number of MPN CRs in any array considered to two. Among the set of four MPN CRs, there are six possible dual-MPN-CR arrays, all of which were considered in succession.
Results of the Monte Carlo/EDPCR analyses, shown in table 1, reveal that the NW-CR array ranks fourth among the seven possible dual-sensor arrays in terms of RR. For ε = 5%, the RR for the NW-CR array is 91.5%, compared to an RR of 99.9% for the dual MPN-CR array that used coatings of DPA and HME (best performance) and an RR of only 75.9% for the MPN-CR array that used coatings of C8 and HME (worst performance). The confusion matrix for the NW-CR array (not shown) indicates that it can distinguish nitromethane from the other two vapors without error (i.e. RR = 100%) but confuses n-hexane and toluene at a high rate (i.e. the RR values were both ∼88%). A similar pattern of confusion is exhibited by the lower-ranked dual MPN-CR arrays. As the value of ε increases the performance of all arrays declines, and at ε = 15% even the highest-ranked MPN-CR array exhibits unacceptably low RR values (i.e. <90%).
Analyses were then performed of arrays with larger numbers of sensors, including hybrid arrays consisting of 4-6 sensors (note: the smallest hybrid array considered was that consisting of two MPN CRs and the two NW CRs). The results are summarized in table 1. All of the 3-and 4-sensor arrays are shown to perform quite well at the lowest level of superimposed error. As ε increases, however, differences in performance emerge. The two highest ranked 4-sensor arrays are the 'all-MPN' array, with coatings of DPA, HME, C8, and OPH, and the hybrid array that combines the DPA-and HME-coated CRs with the NW CR. Both give RR values >95%, even for ε = 15%, and their performance is not statistically significantly different (i.e. the 95% confidence intervals around the average RR values overlap for all values of ε). The performance of the third-highest ranked 4-sensor array (i.e. DPA, HME, and NW) is not significantly different from that of the higher ranking arrays, but its average RR value falls off at the highest ε level, indicating somewhat less diversity. It is also noteworthy that the two highest-ranked 3-sensor MPN-CR arrays perform as well as the three highest-ranked 4-sensor arrays. On the other hand, the three lowest-ranked 4-sensor arrays show greater sensitivity to the level of superimposed error, and their performance declines significantly for ε > 5%.
Thus, several arrays could be used for this vapor discrimination problem as long as there is only a small amount of variation in sensor responses from sample to sample (i.e. a small value of ε). The highest ranked arrays are more resilient to such variations. Most importantly, the best 4-sensor hybrid array performs no better (or worse) than the best 3-or 4-sensor array consisting entirely of MPN CRs.
Interestingly, there appears to be no benefit to using more than three sensors in terms of recognition or resiliency to response error. Although this is largely due to the relatively simple problem being posed, which does not require additional input for its resolution, it illustrates the diminishing yield in diversity with increasing array size. Similar findings have been reported in attempting to discriminate among larger sets of individual vapors and their simple mixtures with other single-and multi-transducer arrays employing sorptive interface layers [25, 26, 31, 32] .
Conclusions
Contact-printed tin-oxide NW-CR vapor sensors on membrane substrates with integrated heaters were fabricated, and the temperature dependence of the baseline conductance and sensitivity to each of three different organic vapors were characterized. The vapor sensitivity differed significantly among replicate NW-CR devices, due to differences in the number, size, and orientation of NWs involved in transporting charge across the electrode gap. However, taking the ratio of responses at two different temperatures yielded deviceindependent sensitivities that differed among the three test vapors examined.
The ability to discriminate among the test vapors on the basis of these response ratios was greater than that of some of the dual MPN-CR arrays to which it was compared, but less than others. Importantly, the best 4-sensor hybrid array one could create from a combination of NW and MPN CRs yielded vapor recognition rates that were not significantly different from those of the best 3-or 4-sensor array composed entirely of MPN CRs. Furthermore, the 6-sensor hybrid array showed no improvement in performance over the best 3-and 4-sensor arrays.
Thus, this preliminary study suggests that there is little or no advantage to combining tin-oxide NW CRs with MPN CRs in hybrid arrays for vapor recognition compared to using arrays consisting entirely of MPN CRs. The question of whether the performance of an NW-CR array would improve by use of devices operating at more than two temperatures or by rapid modulation of the temperature of a single device [8] , remains unanswered and may be worth further investigation. Tests of mixtures, where the mixture components must be resolved from their composite, present a more difficult problem for any sensor array [25, 30] , and would form the basis of more rigorous future assessments of performance.
